Alterations in cell cycle regulating proteins are a key characteristic in neoplastic proliferation of lymphoblast cells in patients with Acute Lymphoblastic Leukemia (ALL). The aim of our study was to investigate whether the routinely administered ALL chemotherapeutic agents would be able to bind and inhibit the key deregulated cell cycle proteins such as -Cyclins E1, D1, D3, A1 and Cyclin Dependent Kinases (CDK) 2 and 6. We used Schrö dinger Glide docking protocol to dock the chemotherapeutic drugs such as Doxorubicin and Daunorubicin and others which are not very common including Clofarabine, Nelarabine and Flavopiridol, to the crystal structures of these proteins. We observed that the drugs were able to bind and interact with cyclins E1 and A1 and CDKs 2 and 6 while their docking to cyclins D1 and D3 were not successful. This binding proved favorable to interact with the G1/S cell cycle phase proteins that were examined in this study and may lead to the interruption of the growth of leukemic cells. Our observations therefore suggest that these drugs could be explored for use as inhibitors for these cell cycle proteins. Further, we have also highlighted residues which could be important in the designing of pharmacophores against these cell cycle proteins. This is the first report in understanding the mechanism of action of the drugs targeting these cell cycle proteins in leukemia through the visualization of drug-target binding and molecular docking using computational methods.
Introduction
Acute Lymphoblastic Leukemia (ALL) is characterized by uncontrolled proliferation of immature lymphoblast precursor cells. Based on the type of lymphoblast affected, ALL is of two types-T-ALL and B-ALL [1] . A number of genes and their products and genetic translocations have been reported to contribute to leukemogenesis [2] . Research studies show that many of these are involved either directly or indirectly in regulating the cell cycle and differentiation processes [3] . Deregulation of the cell cycle is one of the main deregulations in the transformation of a normal cell to a cancerous cell and hence the genes and proteins regulating this process serve as key therapeutic targets.
Cell division, which involves the cell cycle process, is essential in the production of new cells. The cell cycle process involves four phases -G1, S, G2 and Mitotic (M) phases. Each phase in itself and the transition from one phase to another is closely regulated by a series of molecules which include cyclins, cyclin dependent kinases and cyclin dependent kinase inhibitors. Deregulation of these molecules leads to aberrant processing and results in loss of control of normal cycling. Hence, these molecules serve as ideal targets to hinder abnormal cell proliferation [4] .
In ALL, alterations in Cyclins D1 -CCND1 [5, 6] , D3 -CCND3 [7] , E1 -CCNE1 [8] and A1-CCNA1 [9] , Cyclin dependent kinases (CDK) 2 &6 -CDK2 & CDK6 [10, 11] [ Figure 1 ], cyclin dependent kinase inhibitors CDKN2A, CDKN2B [12] , CDKN1B [13] , CDKN1C [14] have been reported. The differential expression, especially of the cyclins and the CDKs, leads to loss of checkpoint control and hence results in neoplastic transformation, which is also evident from our earlier studies [15] [16] [17] and hence these proteins would serve as important drug targets.
The tumor suppressor protein, Retinoblastoma (Rb), generally exists in complex with the E2F transcription factor family. The release of E2F from this complex initializes the transcription of genes which allow the transition from G1 to S phase. This release is mediated through the phosphorylation of the Rb protein by the cyclin D-CDK4/CDK6 and the cyclin E-CDK2 complexes [18] . Deregulated expression of the cyclin/CDK complexes causes an increase in the phosphorylation of Rb protein, leading to loss of check in the transition from G1/S phase and thus aberrant cell cycling occurs. Current treatment strategies targeting ALL involve the use of chemotherapeutic drugs such as Daunorubicin, Doxorubicin, Etoposide which target DNA topoisomerases while drugs such as Paclitaxel and Vindesine target the microtubules (http://www.cancer.gov/cancertopics/druginfo/ leukemia#dal1; www.drugbank.ca).
To understand the mechanism of action of the drug through the visualization of drug-target binding, molecular docking studies using computational methods proved helpful [19] . Our earlier studies have examined protein-drug interactions of several biomolecules involved in carcinogenesis [19] [20] [21] [22] [23] [24] . In the current study, our aim was to examine whether the traditional chemotherapeutic agents administered for ALL interact with cell cycle proteins, and to compare their binding (score) with that of drugs specific to these cell cycle proteins. We also analysed the residues of the binding site and those involved in interaction with the ligands to determine their significance in the functioning of the protein and to explore their potential as targets in the design of more effective drugs.
Methods
The crystal structures of the 6 proteins-CCNE1 (PDB ID: 1W98), CDK6 (PDB ID: 3NUP), CCND1 (PDB ID: 2W96), CCND3 (PDB ID: 3G33), CDK2 (PDB ID: 1W98) and CCNA1 (PDB ID: 1FIN) were retrieved from RCSB Protein Data Bank (PDB) (www.rcsb.org/pdb/home/home.do). They were imported into the Schrödinger Maestro suite 2012 (Schrödinger, LLC, New York, NY, 2012) for preparation, minimization and docking studies. The Maestro suite is a comprehensive collection of software programs that are useful in biomolecule structure visualization, protein homology modeling, docking and pharmacophore design. It incorporates both a command-line interface and a graphical user interface, allowing the users greater control over the parameters and execution of the various applications.
The residue numbering throughout the manuscript and figures is according to the PDB crystal structure of each protein. The flowchart in Figure 2 depicts the sequence of steps followed in the docking of each of the protein targets to the ligands investigated in our study.
The list of drugs generally used for the treatment of ALL patients was retrieved from the National Cancer Institute's list of drugs approved for Acute Lymphoblastic Leukemia (http://www. cancer.gov/cancertopics/druginfo/leukemia#dal1). Information about the proteins that they generally target is available in DrugBank (http://www.drugbank.ca/; [25] ), which is a database with comprehensive information about drugs, their activity and their targets. Of these, the drugs involved in cell cycle arrest were chosen as the target proteins are involved in regulating cell cycle. 6-Mercaptopurine was also included, as it is also part of the treatment strategy for ALL [26] . Teniposide was also included as it is administered to ALL patients with induction failure [27, 28] . cisResveratrol [29] , Flavopiridol [30] , PD0332991 [31] , 3,39-Diindolylmethane [32] and 5,7-Dimethoxyflavone [33] have also been observed to have toxic effects on leukemic cells in studies on ALL samples. The drugs Indirubin [34] , AZD5438 [35] , Bryostatin-1 [36] and CCT020312 [37] , which have been reported to inhibit cell proliferation, were also tested against the cell cycle proteins investigated in our study.
To investigate the significance of the docking of the chemotherapeutic drugs, administered for ALL, to the proteins, we compared their binding (score) to that of the drugs reported to regulate the expression of these proteins. These drugs were retrieved from BindingDB (Binding database, http://www. bindingdb.org/bind/index.jsp, [38] ), which is a repository containing information on the binding and bioactivity of drugs and their targets. The database has been compiled from information based on experimental published reports. The information on the drugs can be retrieved from the database through a search using the protein name as query or through browsing the list of the available targets. The references for these specific drugs are available in File S1.
The structures of the ligands for both chemotherapeutic and specific drugs were retrieved from PubChem (http://pubchem. ncbi.nlm.nih.gov/) database through a query using the compound name and were prepared and minimized prior to docking. We used 29 ligands for CCNE1, 29 ligands for CDK6, 28 ligands for CCND3, 34 ligands for CCND1, 32 ligands for CDK2 and 20 ligands for CCNA1 in our docking studies (Table S1 in File S1).
Protein Preparation
The crystal structures of the proteins were prepared prior to docking using the Protein Preparation wizard (Schrödinger Suite 2012 Protein Preparation Wizard, Impact version 5.8, Prime version 3.1, Schrödinger, LLC, New York, NY, 2012) in Maestro (Maestro, version 9.3, Schrödinger, LLC, New York, NY, 2012). Since the crystal pdb structures of the protein may have problems in the structure data such as improper bond orders, missing side chains, etc, they need to be prepared using the Protein Preparation wizard prior to docking. This process checks the protein structure to verify proper assignment of bonds and bond orders, to add hydrogens, to detect disulphide bonds, to fill in any missing loops or side chains and to correct any mislabeled elements. Further, the protein structure was subjected to restrained minimization in the Impref utility using the OPLS2005 force field. During this minimization process the heavy atoms in the structure are restrained to relieve torsional strain with a harmonic potential of 25 kcal mol 21 Å 22 and hydrogens remain unrestrained. We retained the default number of four iterations for refinement. Protein Structure Preparation does not alter the geometry of the input protein; instead it checks for any problems in the protein structure and corrects them.
Ligand Preparation
The ligand structures downloaded from PubChem were prepared for docking using LigPrep (LigPrep, version 2.5, Schrödinger, LLC, New York, NY, 2012) application in Maestro. LigPrep ensures optimization of ligand geometry, removes ligands with structural problems and generates structural variants. LigPrep generated low energy 3D structure with optimized chiralities for the input ligands (Schrodinger LigPrep Manual). We generated different ionization states of the ligands at pH 7.0+/22.0 using Epik version 2.3 (Schrödinger, LLC, New York, NY, 2012; [39] ) and the ligand was minimized using OPLS2005 force field.
Docking
Receptor Grid Generation. The receptor grid is the three dimensional boundary for the binding of ligands. The receptor grid was created using Receptor grid generation in the Glide application [40] (Glide, version 5.8, Schrödinger, LLC, New York, NY, 2012) of Maestro (Schrödinger, LLC, New York, NY, 2012). The receptor grid for the proteins in this study was generated by specifying the binding (active) site residues, which were extracted from literature relevant to each protein. CastP server [41] was used for CDK6 and CCND3 to obtain additional information on their binding site residues. Uniprot database (www.uniprot.org) was also queried to obtain information regarding domains that may be important for protein function.
Active site residues. The binding site residues for CCNE1 were retrieved from the study on the crystal structure of CCNE1 by Honda et al. [42] . These residues have been observed to contribute to the structural and functional properties of the protein. The binding site residues for CDK6 were retrieved from the interactions with the ligand crystallized in the pdb structure [43] , from the sequence annotation information in Uniprot database (Accession number: Q00534) and from the probable binding site predicted by CastP server having the highest site volume (827.2 Å 3 ). The binding site residues predicted by CastP (site volume = 373.3 Å 3 ) for the CCND3 protein were used for grid generation. The binding site residues for CCND1 were retrieved from the study by Day et al. [44] on the crystal structure of the protein in complex with CDK4 (Cell cycle Dependent Kinase 4) protein. The binding site residues for CDK2 were retrieved from the studies on the protein crystal structure by Clare et al. [45] , Honda et al. [42] and Betzi et al. [46] . The binding site residues for CCNA1, used for grid generation, were retrieved from the study by Jeffrey et al. [47] on the crystal structure of CCNA1 and the residues that play an important role in the structure and functioning of the protein. The binding site residues for each protein are available in Table 1 . These residues are important as they may influence ligand entry and binding of the ligand to the protein. These residues may also play a crucial role in functioning of the protein via interactions with residues of other biomolecules that bind to these proteins. Glide docking. Once the receptor grid is generated, the ligands are docked to the receptor using Glide version 5.8 (Grid based LIgand Docking with Energetics) docking protocol [40] . The ligands were docked using ''xtra precision mode'' (XP). During docking, the protein was rigid while the ligands were flexible. Glide generates different conformations internally and these are passed through a set of filters namely euler angles, gridbased force field evaluation and refinement and Monte Carlo energy minimization. Finally, the docked conformers are evaluated using Glide (G) Score and a single best pose per ligand is generated as output. The GScore is calculated as follows: In Silico Docking Study on Cell Cycle Checkpoints PLOS ONE | www.plosone.orgobtained. For the target proteins which were used for ligand docking, we checked the poses with minimum energy score and highest binding affinity.
Docking using decoys from Directory of Useful Decoys
(DUD) database. To further validate our results, we queried the Directory of Useful Decoys (DUD) database (http://dud. docking.org/ [48] ) which contains a set of drug-like molecules that have similar physical properties and dissimilar topology to ligands that bind to a set of specific protein target molecules. These decoys serve as a benchmark in evaluating the results obtained from the various docking software that are available. Of the six proteins analysed in our study, decoys (n = 2074) were available only for CDK2 protein and were used for docking with the ligands in our study after ligand preparation. The decoy molecules were downloaded in sdf format (http://dud.docking.org/r2/ databases/dud_decoys2006/cdk2_decoys.sdf.gz).
Results and Discussion
Leukemia treatment regimens involve targeting cancer cells for destruction. The chemotherapeutic drugs bind to their target molecules, inhibiting them, thus preventing their function. In our study, we evaluated the ability of the routinely administered ALL chemotherapeutic drugs to bind and inhibit cell cycle proteins that are overexpressed in leukemic cells. For each protein, the docked poses were evaluated and the pose with the highest docking score (a more negative value), followed by highest gscore (a more negative value) and lowest docking energy were selected.
CCNE1
Scuderi et al. [8] reported that overexpression of cyclin E1 in ALL cells may be related to advanced stage of disease. Thus, chemotherapeutic agents that bind to the protein can help reduce levels of cyclin E1 and prevent progression of cell cycle from G1 to S phase. Analysis of the docked ligands in our study showed that the glide score range was between 28.978264 kcal/mol and 22.867899 kcal/mol (Table 2) . We observed that Doxorubicin and its less toxic analog Daunorubicin were able to bind to the cyclin E1 protein with the highest docking gscore of 28.978264 kcal/mol and 27.76946 kcal/mol respectively. In comparison to the known cyclin E1 inhibitors and compounds observed to downregulate cyclin E1 expression such as Baicalein and Silymarin, the common ALL chemotherapeutic agents seem to have an equivalent or better glide GScore. Baicalein and Silymarin were observed to bind to the protein with a gscore of 26.693247 kcal/mol and 25.573164 kcal/mol. The phytoconstituents Berberine and Curcumin were observed to have a gscore of 24.47667 kcal/mol and 24.461087 kcal/mol respectively. The other chemotherapeutic agents in our docking study which were observed to have favorable binding include Teniposide, Flavopiridol, Vindesine and Nelarabine.
Of the 18 residues identified through literature [42] as important binding site residues, 13 were polar and 5 were hydrophobic. The top scoring ligands Doxorubicin (Figure 3 ) and Daunorubicin were observed to interact with two residues -Glu 188 and Asn 236 through Hydrogen bonding with their side chains; in addition they were also observed to form Hydrogen bond with the backbone of Val 250. Asn 236 was observed to be an important residue interacting with many of the ligands/drugs.
Honda et al. [42] reported that Glu 188 is an important residue which is involved in interactions with CDK2. The residue Asn 236 was reported by Matsumoto and Maller [49] as one of the residues that is involved in binding to centrosomes and aids in DNA synthesis independent of CDK2. These residues have been suggested to play a role in CDK2-dependent regulation of cell cycle transition and CDK2-independent involvement in DNA synthesis by Cyclin E1 [42] . We also observed that some of the ligands interact with Leu 251. This residue was reported by Honda et al [38] to form hydrogen bond with Val156 of CDK2 and van der Waals interaction with Phe 152 and Val 156 of CDK2. Interaction of the drugs with Leu 251 could hinder bond formation with the residues of CDK2, thus preventing CCNE1/ CDK2 complex formation and hence affect their functioning. The binding of the ALL chemotherapeutic drugs Doxorubicin and Daunorubicin to these residues would make them unavailable to interact with CDK2 and may thus serve in inhibiting CCNE1-CDK2 complex formation.
The other residues that were observed to interact with the ligands were Trp 95, Lys 108, Tyr 255, Asp 341, Ser 233, Pro 228, Asn 344, Ser 227. Of the 12 residues interacting with the various docked ligands, 8 were polar and 4 were hydrophobic. We also observed that, of all the residues analysed, the residues that are involved in interactions with most of the ligands are Trp 95, Asn 236, Val 250, Leu 251, Glu 188. These may serve as an important consideration in drug design due to their ability to interact with the many ligands.
Honda et al. [42] have also reported that mutation of Ser 233 to Ala would affect cyclin E binding to centrosome and may also alter conformation. The drugs analysed in our study did not interact with this residue with a high frequency and hence mutation of this residue may not affect binding of these drugs to the CCNE1 protein.
These observations suggest that a combination of ALL therapeutic agents with the phytoconstituents could be more effective in binding to cyclin E1, preventing its interaction with CDK2, thus inhibiting proliferation of leukemic cells mediated by this protein.
CDK6
Increased expression of CDK6 in ALL and its role in pathogenesis was reported by Chilosi et al [11] . Agirre et al. [50] reported that abnormal proliferation in ALL cells due to increased expression of CDK6 is mediated by hsa-miR-124a miRNA and they suggested that inhibition of the CDK6 protein may serve as an important therapeutic strategy for ALL. Thirty three residues were identified from crystal structure [43] and from Uniprot and CastP server as important binding site residues as they are either involved in interactions with the ligand or are present in the active site of the protein and may thus be involved in The residues Lys 43 and Val 101 were observed to interact with the ligand in the crystal structure [43] implicating these residues as important binding site residues. In our docking analysis also, we observed many of the ligands interacting with these residues through Hydrogen bonds, thus emphasizing their importance as targets for inhibitors.
CHEMBL1230169 and Fisetin, which have been reported to reduce the levels of CDK6, were observed to have a gscore of 29.97081 kcal/mol and 28.66307 kcal/mol respectively. The chemotherapeutic drugs Doxorubicin (Figure 4 ) and Daunorubicin were observed to bind to CDK6 protein with higher docking gscores (29.15692 kcal/mol and 28.70732 kcal/mol respectively) than the other ALL drugs ( Table 3 ). The plant products Curcumin and Flavopiridol were observed to have a gscore of 28.58057 kcal/mol and 28.32896 kcal/mol respectively. Also, to test the docking efficiency, we docked the crystal structure ligand 3NU along with the other ligands. The interactions in the crystal structure were replicated through our docking study.
CCND3
Cyclin D3 is an important cell cycle gene that is expressed specifically in certain tissues such as lymphoid and endocrine tissues. This gene has been reported to play an important role in proliferation and in initiation and maintenance of differentiation of cells [51] . Several studies have reported abnormal expression of cyclin D3 in ALL and have suggested its association with increase in proliferation of immature T lymphocytes [7, 52] .
Twenty residues were reported by CastP server and Uniprot to be important for binding. Of these, 7 were polar and 13 were hydrophobic. The major residues that were observed to interact with the ligands were Asn 83, Asp 86, Ala 157, Tyr 38, Tyr 198, Leu 186, Arg 57; 5 of these are polar and 2 were hydrophobic. Asp 86 and Ala 157 were observed to interact with more number of ligands.
Although twenty eight ligands were used in our docking study, we observed that only eight ligands had docked to the receptor; which suggests that many of the ALL chemotherapeutic agents 
CCND1
Cyclin D1 is an important regulator of G1/S transition in cell cycle. Volm et al. [5] implicated increased expression of cyclin D1 as a prognostic factor in childhood ALL. Thirty four ligands were tested for docking against Cyclin D1 receptor. Of these, we observed that only nine ligands were able to bind to the receptor.
Thirteen residues were input from the published literature [44] as residues important for binding. Of these, 9 were polar and 4 were hydrophobic. The residues interacting with the ligands were observed to be Trp 63, Lys 96 and Gln 100. Other than these residues, Ser 131 was also found to form Hydrogen bond with the ligand Curcumin. Of these 4 residues which are involved in interactions with the ligand, 3 were polar and 1 was hydrophobic. Trp 63 and Lys 96 were observed to interact the most with the ligands.
In our study, we observed that the ALL chemotherapeutic drugs did not bind favorably with the cyclin D1 protein. Only the drug 3, 39-diindolylmethane was observed to interact with the protein through a P-P interaction with the residue Trp 63 and very low docking gscore of 21.977454 kcal/mol (Table 5 ). In comparison, compounds such as the phytoconstituents Curcumin ( Figure 6 ) and Baicalein, which are known to reduce cyclin D1 expression, were observed to have a better gscore of 23.366368 kcal/mol and 22.42012 kcal/mol respectively. These observations indicate that the current ALL chemotherapeutic drugs may not be effective in controlling proliferation through inhibition of cyclin D1.
CDK2
CDK2 is an important cell cycle regulatory protein which forms a complex with cyclin E which is involved in phosphorylation of Retinoblastoma tumor suppressor protein along with cyclin D/ CDK 4,6 complex. Phosphorylation by CDK2 reduces the affinity of Rb to remain attached to the nuclear matrix and thus ensures removal of this protein from nucleus by buffers [10] . Schmitz et al. [10] reported the presence of catalytic activity of CDK2 in childhood ALL samples and suggested that this activity may contribute to Rb inactivation in leukemic cells. Thirty two ligands were used in the docking study against CDK2 and we observed 30 ligands to bind to the receptor.
Twenty four residues which were obtained through literature search [42, 45, 46] were used as input as binding site residues. These residues are involved in inducing phosphorylation and some residues (Asp 145, Phe 146, Arg 150, Val 154, Arg 157) are also part of the activation site [42] . Of the twenty four residues, 12 were polar and 12 were hydrophobic residues. The residues that were observed to interact with the ligand were Tyr 15, Lys 33, Asp 86, Asp 145; other than these the residues Ile 10, Glu 12, Thr 14, Gly 16, Ser 46, Thr 47, Glu 51, Leu 83, Asp 127, Lys 129, Gln 131, Asn 132, Glu 162 were also observed to interact with the ligand through Hydrogen bonds, P-cation and P-P interactions. Of these 17 interacting residues, 3 were hydrophobic and 14 were polar residues. The residues, Lys 33, Tyr 15, Thr 14, Thr 47, Glu 51, Leu 83, Lys 129, Asn 132, Asp 145, were found to interact the most with the docked ligands.
Honda et al. [42] observed that Asp 145 is part of the activation segment of CDK2, which plays a role in substrate recognition and Lys 33 may be involved in stabilizing the triphosphates moiety of ATP for catalysis. Betzi et al. [46] observed that Tyr 15 is involved in interaction with the extrinsic fluorophore 8-anilino-1-naphthalene sulfonate (ANS). Many of the drugs used in our docking study were found to interact with either or all of these three residues highlighting the significance of these residues for the design of CDK2 inhibitors.
The docking results (Table 6 ) from our study showed that the chemotherapeutic agents, Doxorubicin ( Figure 7) and Daunorubicin, bind to CDK2 with high gscores of 210.125607 kcal/mol and 29.392828 kcal/mol respectively. Most of the other chemotherapeutic agents were also observed to bind favorably to CDK2 suggesting that these drugs could serve as effective inhibitors of this protein. The phytoconstituents such as Flavopiridol [53] and Curcumin and Quercetin were also observed to bind favorably with CDK2 with gscores of 27.239727 kcal/mol and 26.962194 kcal/mol and 26.28335 kcal/mol. The ligands used routinely as CDK2 inhibitors were observed to have gscores in the range of 28.030843 kcal/mol to 23.48897 kcal/mol.
Docking using decoys from Directory of Useful Decoys
(DUD) database. We have performed docking with the decoys from DUD database for CDK2. Our results showed Doxorubicin as the top scoring ligand with a gscore of 210.126 kcal/mol. This result is similar to our original docking results, obtained through docking without the use of decoys from DUD database. Also, the docking scores obtained for the top scoring ligands in our original docking results were also similar to the docking results (Daunorubicin = 29.393 kcal/mol; Acetoside = 28.031 kcal/mol; Flavopiridol = 27.240 kcal/mol; Curcumin = 26.962 kcal/mol) using decoys. These results add to the significance of our docking study. A few of the decoys such as ZINC01133013 (29.555 kcal/mol), ZINC01133011 (29.546 kcal/mol) scored better than some of the drugs evaluated in our study. The significance of these molecules needs to be explored further.
CCNA1
Cyclin A1 has been reported to be expressed in hematopoietic progenitor cells. Typically, CCNA1/CDK2 functions at S/G2 phase. However Ji et al. [54] have observed that in somatic cells, cyclin A1 may contribute to G1/S transition in cell cycle and that increased expression of cyclin A1 augments entry into S phase and thus contributes to neoplastic progression. Holm et al. [9] reported overexpression of Cyclin A1 in Childhood ALL samples and they associated this increased expression with poor event-free survival. Thus, cyclin A1 protein serves as a viable target against leukemogenesis.
Twenty ligands were tested for docking against Cyclin A1 receptor and we observed 18 to bind favorably to the receptor. From the study by Jeffrey et al. [47] , twelve residues were identified as important for binding; of these 8 were polar and 4 were hydrophobic residues. We observed that the residues Lys 266, Phe 267, Glu 269, Ile 270, Phe 304 interact with many of the ligands through Hydrogen bonds and P-P interactions. Of the 14 interacting residues, 9 were polar and 5 were hydrophobic.
The residues Lys 266, Phe 267, Ile 270 and Phe 304, which were identified as binding site residues from the crystal structure, have been reported to form part of the cyclin box region of the cyclin A1 protein [47] . The interaction between the cyclin box region of this proteins and the PSTAIRE region of CDK2 has been suggested to form an interface when binding to CDK2 and confers specificity for binding of cyclin A to CDK2 [47] . The drug-residue interactions observed in our study thus prevent formation of interface, hinder binding of cyclin A1 to CDK2 and prevent complex formation. Thus, these drugs may be explored for treatment in leukemic patients with cyclin A1 overexpression, especially as they bind to Leu 266, Phe 267 and Phe 304. These residues have been reported by Jeffrey et al. [47] to interact with residues of CDK2 facilitating CCNA/CDK2 complex formation. The binding of the drugs analysed in our study to these residues may disrupt this complex formation by making them unavailable to interact with the residues of CDK2. The other residues that were found to interact with the ligand include Asn 173, Glu 174, Asn 229, Glu 230, Leu 263, Glu 268, Ala 307, Asn 312 and Gln 313. Of these, the residues Asn 229, Glu 230, Leu 263, Glu 268 are also part of the cyclin box and may serve as drug targets in preventing binding of CDK2 to cyclin A.
Our analysis of the docking results (Table 7) showed that the chemotherapeutic agents Daunorubicin (Figure 8 ) and Vindesine Table S2 in File S1.
Analysis of binding site residues and ligand interacting residues of the target proteins
We analysed the residue properties of the binding site and the residues interacting with the ligand in the four cyclin and two cyclin dependent kinase target proteins to understand the nature of the residues that may contribute to the functioning of the protein. Also, the properties of these residues could play an important role in the design of ligand through identification of R-groups capable of interacting with these residues.
Cyclin box region. In our study we observed that, of the residues interacting with the ligand, one residue (Glu 188) in CCNE1, three residues (Arg 57, Asn 83, Asp 86) in CCND3, four residues (Trp 63, Lys 96, Gln 100, Ser 131) in CCND1 and nine residues (Asn 229, Glu 230, Leu 263, Lys 266, Phe 267, Glu 268, Glu 269, Ile 270) in CCNA1 were part of the cyclin box region. In the cyclin proteins, the cyclin box region has been reported to play an important role in binding and interactions with CDK proteins [55] . This region generally spans about 100 residues and is important for the functioning of the protein due to their interactions with the amino acids of CDKs facilitating cyclin-CDK complex formation. Designing ligands that bind to these residues could block these residues from interacting with other proteins and may thus hinder the binding interactions of the cyclin proteins. The cyclin box residues involved in interactions with the ligands, in our study, may thus help prevent the binding of the cyclins with the CDKs, inhibiting their functioning in phase transition of cell cycle. The inhibition of this binding could consequently serve in curtailing neoplasticity of the leukemic cells.
We also observed a high frequency of occurrence of polar residues at the input binding sites and the observed interacting sites. Polar residues have been reported to form energy hot spots [56] and to be a part of regions involved in protein interactions [57] . In the cyclin proteins under study, the high density of polar residues at the binding site suggests that these contribute to their binding to CDKs and the subsequent phosphorylation of Rb mediated by the cyclin-CDK complex. These polar binding site and interacting residues may hence constitute important targets in drug design.
Comparison of input binding site residues among the four cyclin proteins revealed that the most frequently occurring amino acids were: His, Glu, Lys, Asn, Tyr, Arg, Asp, Glu and Thr (Polar), Val, Leu, Met, Phe and Ala (Hydrophobic). Comparative analysis of the observed interacting residues among the four cyclins showed that the residues most frequently involved in interactions were: Asn, Ser, Glu, Asp, Tyr, Gln and Lys (Polar) and Leu, Trp and Ala (Hydrophobic).
Comparison
of residues between CDK6 and CDK2. Comparison of the input binding site residues between CDK6 and CDK2 showed that the residues that occurred more frequently were: Asp, Lys, Glu, Arg and His (polar); Leu, Val, Phe and Ile (Hydrophobic). The polar residues Asp, Gln, Lys, Glu and Thr and the hydrophobic residues Ile and Gly were observed to be involved in more number of interactions with the ligand in both the CDKs. This is the first report which has identified the binding site residues for all the ligands studied to the cell cycle proteins investigated in our analysis.
Comparison of binding of ALL chemotherapeutic drugs among the four cyclins and between cyclins and CDKs. The chemotherapeutic drugs, Doxorubicin and Daunorubicin, were observed to have a higher glide gscore in cyclin E1 when compared with cyclin A1 (cyclin D1 and D3 were not compared as these drugs did not dock to both these proteins) (Tables 2 and 7) . Comparison between CDK2 and CDK6 showed that the two drugs had a slightly higher glide gscore in CDK2 (Tables 3 and 6 ). Both of the drugs had a higher gscore in CDKs than in cyclins which could indicate that they may be more effective in inhibition of cyclin dependent protein kinases than cyclins.
Since the cyclins and CDKs are deregulated in other cancers, these drugs could be tested in the other cancer cell lines also to examine their efficacy in inhibiting these proteins in these neoplasms. Also, since the cyclins and the cyclin dependent kinases are involved in a cascade of reactions, inhibition of these proteins may be useful in regulating their role in the carcinogenesis process. Our study has shown that polar residues occur at the binding site with high frequency and play an important role in the binding interactions of the protein. These polar residues, along with the hydrophobic residues that interact with the ligand, may be important for the functional interactions of the protein, especially in protein-protein interactions. Therefore, drugs that are able to bind to these residues could serve as potent inhibitors of these proteins. Also, the residues surrounding the ligand are more or less equally distributed between polar and hydrophobic residues indicating the need for ligands with functional groups that are able to interact with both these amino acid groups to increase binding affinity and hence therapeutic efficacy.
In our docking study, we have evaluated twelve chemotherapeutic ligands for their binding ability to cell cycle proteins. We observed that the chemotherapeutic drugs Doxorubicin and Daunorubicin and several others such as Clofarabine, Nelarabine and Flavopiridol were able to interact favorably with the G1/S cell cycle proteins investigated and may lead to their inhibition in leukemic cells. Our results suggest that these drugs may also be effective as inhibitors of cell cycle proteins in conjunction with their current use as inhibitors of topoisomerases and DNA polymerases, thus extending their functionality. We have elucidated for the first time that the many of the chemotherapeutic drugs interact favourably when they are within the polar and hydrophobic residues of the target protein's grids.
The advantages of using Schrödinger software suite for docking studies lies in the degree of sensitivity and the ease of visualization of binding of the ligands to the protein active site. We could identify the crucial amino acids involved in interactions with the ligand and the nature of these interactions with the help of the software suite. The use of such in silico docking programs helps us understand the mechanism of drug binding to the protein target through a virtual simulation of the binding and in the generation of properties associated with binding.
Our study demonstrates for the first time the binding interactions of the cell cycle proteins and the chemotherapeutic ligands used for docking; and it has also identified residues that may serve as an important consideration in the design of drugs/ pharmacophores to more effectively target the cell cycle proteins. In the light of these new findings, we propose that new ligands could also be generated or analogues of existing drugs could be easily evaluated using these new targets for control of tumorogenesis. This is the first report of the chemotherapeutic ligand binding to the new targets; the drugs which have shown a good binding score could be more effective in controlling cell cycle progression in leukemic cells.
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